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Chiral magnetism is a fascinating quantum phenomena that has been found in low-dimensional magnetic
materials. It is not only interesting for understanding the concept of chirality, but also important for potential
applications in spintronics. Past studies show that chiral magnets require both lack of the inversion symmetry
and spin-orbit coupling to induce the Dzyaloshinskii-Moriya (DM) interaction. Here we report that the com-
bination of inversion symmetry breaking and quantum degeneracy of orbital degrees of freedom will provide a
new paradigm to achieve the chiral orbital magnetism. By means of the density matrix renormalization group
(DMRG) calculation, we demonstrate that the chiral orbital magnetism can be found when considering bosonic
atoms loaded in the p-band of an optical lattice in the Mott regime. The high tunability of our scheme is also
illustrated through simply manipulating the inversion symmetry of the system for the cold atom experimental
conditions.
Chirality plays an important role in physics and influences
many of the physical properties in a profound way. In con-
densed matter physics, the search for non-trivial chiral spin
textures is currently of great interest [1], such as in non-
centrosymmetric magnetic metals [2, 3] and heterostructure
thin-film materials [4, 5]. Understanding chiral magnetic or-
der and its dynamics driven bymagnetic fields is important not
only for exploring the variety of fascinating phenomena re-
sulting from the topologically protected magnetic structures,
such as Hall effects and other transport features [6–8], but
also to help unlock the potential of novel spintronic tech-
nologies [9–11]. However, how to manipulate chiral spin
textures is still a significant challenge in solid state materi-
als [9]. Besides the continuously growing effort to study the
magnetic chirality in solids, there have been great interests of
exploring the chiral magnetic textures using ultracold atoms in
both experimental and theoretical studies [12–14], motivated
by the recent experimental advances to create tunable spin-
orbit coupling or nonabelian gauge fields in general [15–25].
Such highly controllable atomic systems will not only pro-
vide a versatile tool for simulating the magnetic chirality in
electronic systems, but also supply new probabilities to ma-
nipulate the chiral magnetic textures with no counterpart in
solids. However, the past studies in the cold atom based sys-
tem require spin-orbit coupled strongly interacting atoms to
induce the Dzyaloshinskii-Moriya (DM) interaction [12–14],
for which future experimental breakthroughs are desired, in
particular like to suppress heating and meanwhile achieve the
strongly interacting regime [15].
Here we report the discovery of a new mechanism to
achieve chiral magnetism constructed via orbital degrees of
freedom. We shall introduce this with a specific model of cold
bosonic atoms in an optical lattice, to be illustrated below. The
key idea here is to introduce the non-trivial hybridization be-
tween degenerate orbital degrees of freedom via manipulating
the inversion symmetry of the system. Surprisingly, such in-
terplay between the inversion symmetry breaking and orbital
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degeneracy of interacting bosons in optical lattices provides
a new scheme towards discovering chiral magnetism. The
present mechanism departs from the conventional wisdom to
realize chiral magmatic textures that relies on both lack of
the inversion symmetry and spin-orbit coupling. Moreover,
typically the degenerate orbitals could emerge in presence of
point group symmetries, where the symmetry for orbitals is
much lower than that for spins [26]. Therefore, this mech-
anism could provide an easier way to manipulate the chiral
magnetism constructed through orbitals compared to build on
from the spins in solid magnetic materials and also would
shed light on the potential applications analogous to those in
spintronic technologies via manipulation of the chiral orbital
magnetism. This idea is motivated by the recent experimental
progress in manipulating higher orbital bands in optical lat-
tices [27, 28], like from the early experimental attempt to the
breakthrough observation of long-lived p-band bosonic atoms
in a checkerboard lattice pointing to an exotic px± ipy orbital
Bose-Einstein condensate [29, 30]. It provides unprecedented
opportunities to investigate quantum many-body phases with
orbital degrees of freedom [31–37]. Ferro- and Antiferro-
orbital order have been discussed in the pervious theoretical
studies for single or multiple components fermions [38–41]
or bosons [42, 43] on the p-band. As we shall show with the
model below, the inversion symmetry controlled non-trivial
hybridization between degenerate orbitals can lead to other
unexpected results.
Effective model — Let us consider a gas of interacting
bosonic atoms loaded in a 1D optical lattice which can
be realized from a strongly anisotropic 2D square opti-
cal lattice. In particular, we consider the lattice potential
VOL(r) = −Vx cos2(kLxx) − Vy cos2(kLyy) with lattice
strengths Vy >> Vx to achieve the 1D limit, where kLx
and kLy are the wavevectors of the laser fields and the cor-
responding lattice constants are defined as ax = π/kLx and
ay = π/kLy in the x and y directions respectively. In the
deep lattice limit, the lattice potential at each site can be ap-
proximated by a harmonic oscillator. Under this approxima-
tion, to keep local rotation symmetry [43] of each site in the
xy-plane requires that the lattice potential satisfies the con-
ditions Vxk
2
Lx = Vyk
2
Ly, which guarantees the twofold de-
2generacy of p-orbitals at each lattice site. These two degen-
erate p-orbitals (i.e., px and py orbitals) are well separated
in the energy approximately by the harmonic oscillator fre-
quency ~ω =
√
4VxERx =
√
4VyERy (ERx = ~
2k2Lx/2m
and ERy = ~
2k2Ly/2m are the recoil energy) from other or-
bitals. The new ingredient of our model is the presence of
a gradient magnetic field [23, 24] along the y-direction and
the single-particle physics can be described through the fol-
lowing HamiltonianH0 = − ~22m∇2 + VOL(r) − F · r, where
F = −J∇yB is the force applied to the atom with spin mag-
netic moment J which is only along the y-direction. Here
we want to emphasize the crucial role of the external gra-
dient magnetic field in our proposal. First, it breaks the in-
version symmetry along the y-direction and thus induces the
non-trivial hybridization between the degenerate orbitals, i.e.,
px and py orbitals. Later on we shall see that this band
mixing paired with the interaction between bosons will lead
the orbital Dzyaloshinskii-Moriya interaction to further form
the chiral orbital magnetism. Secondly, tunneling in the y-
direction is further suppressed by a linear tilt of the energy
per lattice site to make the system dynamically as 1D. A sys-
tem of interacting spinless bosons loaded in these px and py
orbitals can be described by the following multi-orbital Bose
Hubbard model in the tight binding regime
Hˆ =
∑
i
txbˆ
†
px(xi)bˆpx(xi + ~ex)−
∑
i
ty bˆ
†
py (xi)bˆpy (xi + ~ex)
− t
∑
i
[bˆ†px(xi)bˆpy (xi + ~ex)− bˆ†py (xi)bˆpx(xi + ~ex)]
+ h.c.+
∑
i,α=px,py
[
Uαα
2
nˆα(xi)(nˆα(xi)− 1)]
+
∑
i,α=px,py
α′=px,py,α6=α
′
[Uαα′ nˆα(xi)nˆα′(xi)
+
Uαα′
2
bˆ†α(xi)bˆ
†
α(xi)bˆα′(xi)bˆα′(xi)] (1)
where bˆpx(xi) (bˆpy(xi)) is the annihilation operator for the
bosonic particle in the px (py) orbital at lattice site xi. The
onsite particle number operator is defined as nˆα=px,py (xi) =
bˆ†α(xi)bˆα(xi) and tx is the longitudinal hopping of px bosons,
and ty is the transverse hopping of py bosons. The relative
sign of the hopping amplitude is fixed by the parity of px
and py orbitals. The interacting strength is given by Uαα′ =
U0
∫
dx |wα(x − xi)|2|wα′ (x− xi)|2, where U0 > 0 is the
onsite interaction strength determined by the scattering length
andwα(α
′)(x− xi) is theWannier function of orbitalα(α′) at
lattice site xi. There are two key ingredients in our model: 1)
the hybridization between px and py orbitals arises from the
asymmetric shape of the py orbital wavefunction induced by
the inversion symmetry breaking in the y-direction via adding
a y-direction gradient magnetic field; 2) a special type inter-
action between spinless bosons (the last term in Eq. (1)) de-
scribing the flipping of a pair of bosonic atoms from the state
α to the state α′. Note that this term is absent in the case of
the bosons in the lowest band of an optical lattice. As we shall
show below, such combination effect will lead a new mecha-
nism to achieve the chiral orbital magnetism (see details in the
Supplementary Material).
Orbital magnetism in the Mott insulator regime — In this
work, we will focus on the case of the Mott insulator phase
with unit filling when considering the strongly repulsive limit,
i.e.,Uαα′ ≫ tx, ty, t, to demonstrate that the chiral orbital
magnetism can be produced from the orbital exchange inter-
actions via the model (Eq. (1)) as proposed above. In our case,
the orbital exchange interactions come from the virtual hop-
ping processes, which can be described in terms of an effective
Hamiltonian obtained from the perturbative expansion of the
tunneling processes up to second order. Here, by introducing
the projection operator [44, 45] Pˆ to describe the sub-Hilbert
space of the Mott space with singly occupied state and the
projection onto the perpendicular subspace via the operator
Qˆ = 1− Pˆ correspondingly, the effective Hamiltonian which
describes the one particle Mott phase of p-orbital bosons can
be expressed as Hˆeff = −Pˆ HˆtQˆ 1QˆHˆU Qˆ−E QˆHˆtPˆ where HˆU
and Hˆt are the interaction and hopping part of the Hamilto-
nian in Eq. (1). The details of derivation are given in the
Supplementary Material. Through constructing the pseudo-
spin operators from the orbital degrees of freedom via Sˆzi =
1
2 [bˆ
†
px(xi)bˆpx(xi)− bˆ†py (xi)bˆpy (xi)], Sˆ+i = bˆ†px(xi)bˆpy (xi),
Sˆ−i = bˆ
†
py (xi)bˆpx(xi) and together with the constraint of unit
occupation of the lattice sites nˆpx(xi) + nˆpy (xi) = 1, the
effective Hamiltonian can be mapped onto a pseudo-spin- 12
XYZ model with orbital Dzyaloshinskii-Moriya (DM) inter-
action in an external field:
Hˆeff =
∑
〈ij〉
JxSˆ
x
i Sˆ
x
j +
∑
〈ij〉
JySˆ
y
i Sˆ
y
j +
∑
〈ij〉
JzSˆ
z
i Sˆ
z
j
+
∑
〈ij〉
D · (Sˆi × Sˆj) + h
∑
i
Sˆzi (2)
where Jx =
2(txty+t
2)
Upxpy
− 8(t
2+txty)Upxpy
U2 ,
Jy =
2(txty−t
2)
Upxpy
+
8(txty−t
2)Upxpy
U2 , Jz =
−4(t2xUpypy+t
2
yUpxpx )+4t
2(Upxpx+Upypy )
U2 −
2t2−(t2x+t
2
y)
Upxpy
with U2 = UpxpxUpypy − U2pxpy and the strength of an effec-
tive magnetic field h =
4t2yUpxpx−4t
2
xUpypy
U2 . The fourth term
in Eq. (2) is the defined orbital Dzyaloshinskii-Moriya (DM)
interaction term here, with a DM vector D = (0, Dy, 0) and
Dy =
4ttx(Upypy−Upxpy )+4tty(Upxpy−Upxpx )
U2 . It is not only
strongly reminiscent of its counterpart in strongly correlated
electronic materials, such as in the cuprate superconductor
YBa2Cu3O6 or in low-dimensional magnetic materials, but
more importantly, constructing DM interaction from orbital
degrees of freedom (orbital DM interaction) would show
some unique properties. For example, due to the interplay of
non-trivial hybridization between the degenerate orbitals (the
term proportional to t in Eq. (1)) induced by the presence of
external magnetic gradient and the unequal inter-orbital and
intra-orbital interacting strength, i.e., Upxpx(pypy) 6= Upxpy
resulting from the anisotropic shape of p-orbitals, the orbital
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FIG. 1: (a) Phase diagram of the effective spin model in Eq. (2) as a function of the orbital exchange interactions Dy/Jx and Jz/Jx. For
certain Jz/Jx there is a threshold of the orbital DM interactionDy/Jx, beyond that the chiral orbital (CHO) phase appears. Other parameters
are Jy/Jx = 2.8 and h/Jx = 0.2. (b),(c) and (d),(e) show the spin-spin correlation S
γ
ij and chiral correlation K
γ
ij for the chiral orbital (CHO)
(Jz/Jx = 1, Dy/Jx = 2.2) and ferromagnetic orbital (FMO) (Jz/Jx = −3.5, Dy/Jx = 0.85) phases, respectively. Other parameters are
the same as in (a) and the system size is L = 150 with the open boundary condition.
exchange interactions in Eq. (2) are strongly anisotropic.
Unlike the 1D isotropic Heisenberg model, where the addi-
tional DM interaction can be gauged away by performing a
spin rotation [46], the orbital DM interaction proposed here
in Eq. (2) can no longer be gauged away. It will play an
important role in determining the magnetic properties of the
system as illustrated below.
We investigate the phase diagram numerically by comput-
ing the ground state of Hamiltonian in Eq. (2) through the
density-matrix renormalization group (DMRG) method [47,
48], which has been very successfully used to explore various
properties of one-dimensional correlated systems. In our cal-
culations, we impose an open boundary condition and use a
finite-size DMRG algorithm. A finite-size scaling analysis of
different system sizes and extrapolation to the thermodynamic
limit is taken to identify the phase transition point. In the ap-
plication to the model Hamiltonian in Eq. (2), it is necessary
to truncate the Hilbert space for each site. For the present
computation, the total sizes are up to L = 250 lattice sites
with open boundary conditions and we keep up to 1000 states
in the matrix product state representation. We also utilized the
finite-size algorithm with 4 to 10 sweeps to reach the conver-
gence and the truncation error of the reduced density matrix
is typically up to 10−8 and the energies are converged up to
seventh digit for the ground-state energy per site.
The phase diagram of Hamiltonian in Eq. (2) is presented
in Fig. 1(a). There are five different magnetic phases ob-
tained within the DMRG calculations as shown in the phase
diagram, which consists of a gapped ferromagnetic orbital
(FMO) phase, a gapless chiral orbital (CHO) phase, a gapped
antiferromagnetic orbital (AFO) phase, a gapped spin-flop
orbital (SFO) phase (corresponding to a gapped phase with
Ne`el order in the y-component of the pseudo-spin defended
in Eq. (2)), and a floating [49, 50] orbital (FLO) phase (a gap-
less phase without long range order and for which the correla-
tions decay algebraically). Here we will focus on the impor-
tant role of the orbital DM interaction in determining the mag-
netic properties of the system. As shown in Fig. 1(a), there is a
threshold strength of the orbital DM interaction to separate the
magnetic phase with non-trivial chirality from other phases in
the phase diagram. Below that threshold, for large positive
values of Jz/Jx, the ground state of the system is AFO phase
in the z-component of the pseudo-spin, corresponding to a
staggered orbital structure (within the two nearest-neighbor
sites, one is occupied by the px orbital and the other is the
py orbital). When increasing the strength of the orbital DM
interaction, a first order phase transition occurs between AFO
phase and CHO phase. For small values of Jz/Jx (consid-
ering the case with Jy > Jx here), below the threshold the
ground state of the system is featured with the Ne`el order in
the y-component of the pseudo-spin and the system is in the
SFO phase. Above the threshold strength, there is a first or-
der phase transition between SFO phase and CHO phase. Due
to the anisotropic orbital exchange interaction in Eq. (2), be-
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FIG. 3: The orbital exchange interactions as a function of the orbital
hybridization t/ty when Vx/ERx = 6 and Vy/ERy = 24. Inset
shows the orbital hybridization t/ty as a function of the gradient
magnetic field. Here the red and blue color label the sign (positive
and negative) of orbital exchange interaction, respectively.
low the threshold, there is a FLO phase between AFO phase
and SFO phase, where the correlations are characterized by
the power-law decay. The transition from the AFO phase to
the FLO phase belongs to the commensurate-incommensurate
type and the Berezinsky-Kosterlitz-Thouless transition occurs
between FLO and SFO phases. Above the threshold, a contin-
uous phase transition emerges between FLO and CHO phases.
When considering large negative values of Jz/Jx, below the
threshold the ground state of the system is in a FMO phase in
the z-component of the pseudo-spin, corresponding to a polar-
ized orbital structure. And the transition between FMO phase
and SFO phase is of Ising type. Above the threshold strength,
there is a first order phase transition between FMO phase and
CHO phase.
Now let us discuss the difference among these five mag-
netic phases in terms of spin-spin correlation function and
chiral correlation function. Here, the spin-spin correlation
function is defined as Sγij = 〈ψ0|Sγi Sγj |ψ0〉, whereas the chi-
ral correlation function is defined as Kγij ≡ 〈ψ0|Kγi Kγj |ψ0〉
with γ = x, y, z and Kγi = εγµν(Sµi Sνi+1 − Sνi Sµi+1), where
|ψ0〉 is the ground state of the system. The AFO, SFO and
FMO phases can be distinguished by analyzing the asymptotic
behavior of spin-spin correlation function. These phases are
characterized by a non-zero asymptotic value of the spin-spin
correlation Sν ≡ lim|i−j|→∞ Sνij . For example, as shown in
Fig. 1(d) and (e), the FMO phase shows a non-zero spin-spin
correlation in the z-component of the pseudo-spin when con-
sidering large |i − j| limit. However, it is quite different in
the CHO phase. As shown in Fig. 1(b) and (c), the spin-spin
correlation function oscillates and their envelope function de-
cays algebraically, but the chiral correlation demonstrates a
non-zero asymptotic value, i.e., the CHO phase with finite y-
component of chiral correlation Ky ≡ lim|i−j|→∞Kyij in the
large |i − j| limit, describing the nontrivial chirality of the
ground state. Through numerics, we also found that the FLO
phase is characterized by the algebraic decay of correlations
distinguished from other magnetic phases in the phase dia-
gram Fig. 1(a).
In the following, we will further discuss how to deter-
mine the phase boundary in the phase diagram Fig. 1(a). We
have calculated the entanglement entropy SE = −trρA ln ρA,
where ρA is the reduced density matrix of a half chain. The
transition point is determined with maximum SE for each
length, and then deduce the critical value in the thermo-
dynamic limit by making an extrapolation with respect to
1/L [51–56]. Figure 2(a) and (b) show such an extrapolation
for the critical orbital DM interaction strength with various
chain lengths, which follows well a linear scaling behavior,
to determine the transition bewteen SFO and CHO phases.
From numerics, we also confirm that the phase diagram ob-
tained from the maximal entanglement entropy is consistent
with that from analyzing the asymptotic behavior of correla-
tion functions.
Tunability of the orbital exchange interaction — We now
show how the relative strength and sign of the different or-
bital exchange interactions in Eq. (2) can be controlled simply
by tuning the external gradient magnetic field in our proposal.
Here we restrict our discussion in the harmonic approxima-
tion. However, even under this simplistic assumption, our
proposal still shows the great tunability as illustrated below.
Under the harmonic approximation, the inter-orbital and intra-
orbital bosonic interacting strength in our system satisfies the
relation Upxpx = Upypy = 3Upxpy . As shown in Fig. 3, both
the relative ratio and even the sign of the orbital exchange in-
teractions in Eq. (2) can be tuned via varying the hybridization
strength between px and py orbitals characterized by the ratio
t/ty here. To be more specific, when t/ty is small, the FM
coupling for Szi S
z
j in Eq. (2) will dominate the system indi-
cating the FMO phase will be favored. While increasing t/ty,
the orbital DM interaction in Eq. (2) will dominate the system
and the CHO phase will be favored. Furthermore, the inset in
Fig. 3 shows the ratio t/ty can be tuned through adjusting the
5external gradient magnetic field. This demonstrates that our
proposal would pave an alternative way to realize and to fur-
ther control the orbital magnetism, in particular, the chirality
encoded within it.
Conclusion — We have demonstrated a new approach to
achieve the chiral orbital magnetism via the combination of
inversion symmetry breaking and quantum degeneracy of or-
bital degrees of freedom in a cold atom based optical lattice
system. This approach is rather generic to optical lattices than
restricted to the setup considered in this work. Its principle
is readily generalizable to higher dimensions with straightfor-
ward modifications, potentially circumventing the challenges
in Raman-induced spin-orbit coupling scheme. This approach
thus complements with a new window in cold gases to realize
and furthermore to control the various orbital magnetism, in
particular, the non-trivial chirality there.
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Supplementary Material:
Chiral orbital magnetism of p-orbital bosons in optical lattices
S-1. EFFECTIVE SPIN HAMILTONIAN
Here we will provide a detailed description of the procedure to derive the effective spin Hamiltonian Eq. (2) from the Hubbard
model Eq. (1) when considering the strong coupling limit and the unit filling of the lattice sites. In such regime, to obtain the
orbital exchange interactions in Eq. (2) resulting from the virtual hopping processes, we define the Pˆ and Qˆ = 1− Pˆ operators
that project into the subspace of states with a unit occupation and into the perpendicular subspace, respectively. The eigenvalue
problem associated to the model Hamiltonian Hˆ in Eq. (1) can be written as
Hˆ(Pˆ + Qˆ)|Ψ〉 = E|Ψ〉 (S1)
where |Ψ〉 is the eigenstate with eigenenergy E of the Hamiltonian Hˆ. We then further act with Pˆ and Qˆ from the left of both
sides in Eq. (S1). Then, the effective Hamiltonian which describes the one particle Mott phase can be expressed as
Hˆeff = −Pˆ HˆtQˆ 1
QˆHˆUQˆ − E
QˆHˆtPˆ (S2)
where HˆU and Hˆt are the interaction and hopping part of the Hamiltonian in Eq. (1). Let us now consider the 2-site problem
and define a basis for the doubly occupied states which can be spanned by a set {|pxpx〉 ≡ 2−1/2bˆ†px bˆ†px |0〉, |pxpy〉 ≡ bˆ†px bˆ†py |0〉,
|pypy〉 ≡ 2−1/2bˆ†py bˆ†py |0〉}, where |0〉 is the empty state. ThenHQ ≡ QˆHˆUQˆ can be represented in a matrix form
HQ =


Upxpx 0 Upxpy
0 2Upxpy 0
Upxpy 0 Upypy

 (S3)
On this basis we arrive at the effective spin Hamiltonian in Eq. (2) by computing the relevant matrix elements of Eq. (S2) up to
the second order virtual hopping processes.
S-2. DZYALOSHINSKII-MORIYA (DM) INTERACTION RESULTING FROM THE COMBINATION OF INVERSION
SYMMETRY BREAKING AND QUANTUM DEGENERACY OF ORBITAL DEGREES OF FREEDOM
As illustrated in the previous section, the orbital exchange interactions can be understood from the virtual hopping processes,
which can be described in terms of an effective Hamiltonian obtained from the perturbative expansion of the tunneling processes
up to second order. Here we will describe how to understand the orbital Dzyaloshinskii-Moriya (DM) interaction resulting from
the combination of inversion symmetry breaking and quantumdegeneracy of orbital degrees of freedom. First of all, the inversion
symmetry breaking along the y-direction will induce the non-trivial hybridization between the degenerate orbitals, i.e., px and py
orbitals. Secondly, quantum degeneracy of orbital degrees of freedom allows a special type interaction between spinless bosons
(the last term in Eq. (1)) describing the flipping of a pair of bosonic atoms. Without either one of these two ingredients, the second
order virtual hopping process shown in Figure S1 will not be allowed. However, it is worth to note that such a virtual hopping
process will lead to the orbital Dzyaloshinskii-Moriya (DM) interaction. For example, for the process shown in Figure S1,
the effective Hamiltonian calculated from Eq. (S2) acquires a term of the form −∑<i,j>
∑
α
2txtUpxpy
U2 nα(xi)b
†
α(xj)bα′(xj),
which contributes the orbital DM interaction term in Eq. (2).
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px py
i j i j i j
+
FIG. S1: Virtual hopping process giving rise to the orbital DM interaction. i and j label two neighboring sites.
